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Abstract 
Nonlinear photonic crystals for frequency conversion of 1064 nm infrared light 
were fabricated using electron beam lithography and Czochralski growth of bulk crystals. 
Electron beam irradiation on lithium niobate single crystals was performed with the 
optimal range of line charge density lying within 170 nC/cm and 250 nC/cm and area 
charge density within 450 µC/cm2 to 550 µC/cm2. Phase imaging of the nonlinear 
photonic crystals buried under a thin layer of polymer provides a novel way of imaging 
patterned ferroelectrics in humid environment. Spontaneous parametric down conversion 
imaging shows the non-uniformity in periodicity of Czochralski grown Y:LN nonlinear 
photonic crystals. Raman spectroscopy through a superlattice period show that the 
domain inverted region is largely anti-parallel to the uninverted ones which is in favor of 
the displacive mechanism for domain inversion in ferroelectrics. Conversion efficiency 
studies for second harmonic generation of 1064 nm wavelength of light yield a 
percentage of about 1.6 %. 
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Summary 
In this dissertation, the theoretical framework of nonlinear photonic crystals, the 
fabrication of them through electron beam lithography and Czochralski growth and their 
characterization through scanning probe microscopy, Raman spectroscopy, spontaneous 
parametric down conversion imaging and the conversion efficiency were presented. We 
have successfully obtained one- and two-dimensional nonlinear photonic crystals by 
electron beam irradiation on lithium niobate single crystals which results in the reversal of 
its ferroelectric domains through the whole thickness of the crystal of 500 µm. Domain 
reversals become more prominent as charge density increases. The optimal range of line 
charge density lies within 170 nC/cm and 250 nC/cm and area charge density within 450 
µC/cm2 to 550 µC/cm2. It was found that these charge densities correspond to the coercive 
field of lithium niobate. Continuous electron beam scanning on the upper surface of the 
crystal yields hexagonal segments on the bottom surface that elongate in the direction of 
irradiation and merge as charge density increases.  
Atomic force micrographs revealed an approximate width of the hexagonal 
segments regardless of the pattern on the upper, irradiated surface as a result of the 
spreading of electrons on initial impingement. Hence, this place a limit on the domain 
inverted size by direct writing alone. Furthermore, examinations of the domain-reversed 
gratings using electric force microscopy show a direct correspondence of the position of 
the hexagonal segments to those in the atomic force microscopy images. Phase imaging of 
the nonlinear photonic crystal buried under a thin layer of polymer provides a novel way 
of imaging patterned ferroelectrics in humid environment. 
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Spontaneous parametric down conversion imaging shows the non-uniformity in 
periodicity of Czochralski grown Y:LN nonlinear photonic crystals. From this imaging, 
we can pin-point which region of the crystal is more effective in frequency down 
conversion of 1064 nm to a particular wavelength of mid-IR light.   
Raman spectroscopy through a superlattice period shows that the domain inverted 
region is largely anti-parallel to the uninverted ones which is in favor of the displacive 
mechanism for domain inversion in ferroelectrics. 
Conversion efficiency studies for second harmonic generation of 1064 nm 
wavelength of light yield a percentage of about 1.6 %. 
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At the roots of all science lies our unquenchable curiosity about our universe and 
ourselves. A deep understanding of the structure and the dynamics, and hence the 
properties of matter, undoubtedly bestow us the ability to manipulate their characteristics 
and consequently, the birth of a revolutionary technology. 
The mechanical properties of materials have been greatly exploited since the dawn of 
civilizations and in the last century, our understanding of electromagnetism allowed us to 
manipulate the electrical properties extensively. The last decade has seen the emergence of 
a third wave with a similar goal as the above two, control over certain property of 
materials; this time on our dominance over the optical properties. 
As the human race demands greater miniaturization of devices and faster flow of 
information, alternatives to electrons as the information carrier and semiconductors had to 
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be sought. Further miniaturization in integrated electronic devices poses a problem of 
increased resistance and high levels of power dissipation. The potential candidate to 
resolving these problems is making photons as the information carrier and the 
semiconductors of light are photonic crystals. Photons as information carriers supersede 
electrons in that they can travel at much greater speeds, carry more information and have 
weaker interactions with the material in which they propagate. 
The reason of the availability of a diverse range of electronic properties is due to the 
interaction of electrons with the periodic potential of the lattice structure of the materials. 
It is this interaction that determines whether a material is classified as a metal, a 
semiconductor, or an insulator and by changing the structures we can tailor-make the 
conducting characteristics of, in principle, any materials. This is the main propulsion for 
the search of the optical analogue of electronic materials. 
Yablonovitch1 and John2 conceived the proposal of an optical analogue of 
semiconductors independently in 1987 that marks the birth of the field of photonic 
crystals. While John attempts to draw an analogy between light localization and electronic 
localization as a pure academic interest, Yablonovitch is interested in making 
telecommunications lasers more efficient through the inhibition of spontaneous emission 
of light. These are, nevertheless two facets of one central theme: confining the flow of 
electromagnetic waves. 
So what are photonic crystals? Photonic crystals are microstructured superlattice 
metamaterials in which the dielectric constant is periodically modulated on a length scale 
comparable to the desired wavelength of light, with the existence of a photonic band gap. 
A photonic crystal is categorized according to its dielectric periodicity in one, two or three 
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dimensions, that is, along one, two or three axes. A complete photonic band gap exists 
when a photonic crystal reflects light of any polarization incident at any angle; otherwise a 








FIG 1.1 Modulated refractive indices in (a) 1- (b) 2- (c) 3- dimensions 
 
How are photons affected by these landscapes? A few notable results due to these 
photonic landscaping in the literature includes a perfect mirror3, low energy loss in sharp 
bends4, higher heat emission than Planck’s law predicts5 and diffraction-unlimited flat 
lens6 which are all impossible prior the conception of the idea of photonic crystals. Indeed, 
they are the wonderland for photons; for within these lands photons displayed 
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unprecedented, remarkable properties that would contribute immensely to optical science 
and technology.   
When intense light propagates in photonic crystals, nonlinear behavior becomes 
prominent and these structures are alternatively hailed as “nonlinear photonic crystals”. 
Certainly, we would also require that these nonlinear photonic crystals satisfy some 
conditions for the amplification of the nonlinear optical phenomena to be observed besides 
the prerequisite of an intense light propagation. The class of nonlinear photonic crystals 
comprises regular photonic crystal, with modulated refractive indices, or structures that 
are periodic in the nonlinear susceptibilities within a spatially equivalent refractive index 
dielectric. We would focus on the latter; superlattices with periodicity in the nonlinear 
susceptibilities. This brings us to the question of why is there a need for this kind of 
nonlinear photonic crystals which is the motivation behind our work. 
Our utilization of nonlinear photonic crystals is to resolve the problem of phase 
mismatch in frequency conversion. Frequency conversion is a nonlinear optical process 
whereby the frequency of the input laser beam through a nonlinear medium is altered 
giving rise to new sources of a different lasing wavelength, from what we have to what we 
want and frequency doubling is a special case. A major difficulty in generating large 
amounts of second harmonic light arises from the dispersion of the medium. Initially, the 
incident wave generates coherent second harmonic wave, however, as the incident wave 
propagates through the nonlinear medium additional second harmonic waves are generated. 
These newly generated waves fall out of phase with those previously generated as a 
consequence of the frequency dependence of the refractive index of the incident and 
generated waves, resulting in destructive interference of the waves hence decreased 
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conversion efficiency unless a proper phase relation between them exists. Therefore, phase 
matching is of paramount importance for high conversion efficiency. Several phase 
matching techniques had been developed which can be broadly classified into perfect 
phase matching and quasi-phase matching (QPM). Perfect phase matching requires tuning 
the angle of propagation of the incident wave or optimizing the temperature of the 
nonlinear medium. These present obvious limitations in accessible angles of propagation 
and practical working temperatures. Moreover, the terms of the nonlinear susceptibility 
tensor utilized are generally smaller than the diagonal ones which would affect the 
conversion efficiency. To resolve these limitations, Armstrong et al7 first suggested to 
periodically reversing the polarization of ferroelectrics within a period of twice the 
coherence length so as to attain sustained growth of harmonic generation, albeit this 
growth is slower than in perfect phase matching; as such, this form of phase matching was 
named quasi-phase matching. The concept of quasi-phase matching would mean that one 
has to engineer the polarity of the ferroelectric domains for efficient frequency conversion 
hence the need for nonlinear photonic crystals. Since then a large amount of research 
efforts had been done to realize one-dimensional QPM structures in a variety of ways.8-11 
It was until recently that Berger12 extended the idea of QPM to two dimensions allowing 
us greater compensation for phase mismatch. The first experimental realization of such a 
two-dimensional NPC was accomplished by Broderick et al13. Amongst the fabrication 
methods, electro-poling of ferroelectrics, particularly lithium niobate (LN) had been the 
most prominent. This is due to LN’s large nonlinear coefficients, wide transparent range 
and high optical damage threshold. Nevertheless, electro-poling requires a laborious multi-
step process of resist coating, lithography patterning and subsequent metal deposition and 
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resist removal for pattern transfer. Moreover, a mask had to be made for each intended 
pattern. Electron beam lithography (EBL) presents an edge over conventional poling in 
that pattern transfer is direct with the added bonuses of versatility in superlattice design 
and high resolution offering the possibility of submicron sized periodic ferroelectric 
domain features.14 Though electron beam fabrication of nonlinear superlattices presents a 
straight forward and reliable technique for domain reversal, it is nonetheless restricted to a 
fairly thin sample of at most 1mm in thickness. Therefore, in an optical set-up for 
example, an optical parametric oscillation (OPO) process, one has to focus the pump beam 
into a much smaller region resulting in an increased in optical density which may exceed 
the optical damage threshold of the crystal. On the other hand, as-grown bulk superlattices 
provide a way to eliminate this problem due to their larger cross-section. These domain 
inverted gratings had been imaged through diverse routes such as scanning electron 
microscopy (SEM)15, transmission electron microscopy (TEM)16, optical microscopy17 
and electric force microscopy (EFM)18. Our work focuses on the fabrication and 
characterization of such nonlinear photonic crystals for frequency up- and down-
conversion of infrared light of 1064 nm. 
Our journey commences with an introduction to nonlinear photonic crystal theory, 
which discusses nonlinear optics and interesting superlattice architectures, ferroelectric 
domain engineering using electron beam lithography, Czochralski-growth of bulk 
superlattices and characterization of these superlattices by various microscopic and 
spectroscopic techniques, and subsequently ends with several concluding remarks. 
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Nonlinear Photonic Crystal Theory 
We begin our exploration into nonlinear photonic crystals through a theoretical discussion 
of its background: nonlinear optics emphasizing on the second harmonic generation and 
frequency down conversion which are our main concerns here. The problem of phase 
mismatch due to dispersion is addressed through a presentation of various notable 
superlattice and multi-dimensional architectures. 
 
2.1 An Introduction to Nonlinear Optics 
Nonlinear optics is the field of science concerning all phenomena of light propagation in 
media in which the response of the medium (i.e. the polarization of the medium) is not 
directly proportional to the field strength of the electromagnetic wave used to describe the 
light. It had its beginnings, customarily taken to be, with the first observation of the 
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second harmonic of the ruby laser frequency in quartz. The subsequent interaction of the 
optical field with this nonlinear response of the material generates a myriad of interesting 
physical processes. 
The fundamental laws of electromagnetism as embodied in Maxwell’s equations 
apply in all materials. We begin by a consideration of the relation of the electric 
displacement D to the electric field E. 
 By Gauss’s law in the presence of dielectrics, the electric displacement D is 
defined to be 
D ≡ ε0E + P            (2.1) 
where P is the polarization, which is the electric dipole moment per unit volume of the 
material. Since electric displacement D is related to the electric field E according to 
  D ≡ εE            (2.2) 
where ε ≡ ε0εr is the permittivity of the material. Combining the above two equations, 
eliminating D, we obtain 
P = (ε - ε0)E            (2.3) 
on substitutions of  ε ≡ ε0εr and εr ≡ 1 + χ we have 
P = ε0χ1E            (2.4) 
where ε0 is the relative permittivity of free space and χ1 is the linear susceptibility of the 
medium independent of the field. This is the regime of linear optics whereby the induced 
polarization is proportional to the electric field strength. As the incident electric field 
strength becomes comparable to the intra-atomic electric field, in the case of laser 
radiation, the response becomes nonlinear. The physical origin of this nonlinearity could 
Nonlinear Photonic Crystals for Frequency Conversion of Infrared Light 8 
   
Chapter 2 Nonlinear Photonic Crystal Theory 
               
 
be thought of as the anharmonic oscillation of the positive and negative charges of a 
dipole. Since nonlinear response usually manifests itself as small deviations from linear 
response, a power series expansion in the field is used 
P = ε0χ1E + ε0χ2EE + ε0χ3EEE + …          (2.5) 
where the susceptibilities χ1,χ2 and χ3 are tensors of second, third and fourth ranks 
respectively. Suppose that we have a light wave of the form 
E = E0sinωt            (2.6) 
We obtain, on rearrangement, 
       P = ε0χ1 E0sinωt + (ε0χ2)/2 E02(1 - cos2ωt)  + (ε0χ3)/4 E03(3sinωt – sin3ωt) …       (2.7) 
The above equation hence show that higher order terms of polarization results in the 
reradiated light that is twice or thrice the fundamental giving rise to second and third 
harmonic generation. 
 Almost all optical phenomena are described by the first three terms in the equation. 
The linear term involving χ1 gives rise to the index of refraction, absorption, dispersion 
and birefringence of the medium. Most of the interesting nonlinear optical effects arise 
from the terms of electric polarization, which are quadratic or cubic in the electric field. 
The quadratic polarization gives rise to the phenomena of second harmonic generation, 
sum- and difference- frequency mixing, and parametric generation, while the cubic term is 
responsible for third-harmonic generation, stimulated Raman scattering, optical bistability 
and phase conjugation. 
The spatial symmetry of a material places constraints on the allowed form of the 
nonlinear susceptibility tensor. Inversion symmetry has the most striking impact on 
nonlinear susceptibility. When a material possesses a center of inversion, the second order 
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susceptibility is identically zero. This can be easily proven by substituting the reverse 
electric field into Equation (2.5) and insisting that the positive and negative polarizations 
must be equivalent as a result the symmetry. The number of independent elements in the 
third order nonlinear susceptibility is also markedly affected by this symmetry, reducing 
the number of possible independent elements from 81 to 3. 
 In the Cartesian coordinate system, the second order nonlinear susceptibilities can 
be expressed as 





0 χε            (2.8) 
where χ  has, in general, 27 independent coefficients before any symmetry conditions 
are taken into consideration. 
2
ijk
 Besides the intrinsic permutation symmetry of field amplitudes (as changing the 
order of their product results in no physical difference), another symmetry occur when 
light propagates through the medium with negligible dispersion within the transparency 
range of the medium as pointed out by Kleinman19. A contracted notation for the second 
order susceptibility under these conditions is thus developed. We introduce this notation 
by defining the tensor dijk as 
dijk = 
2
1 χ                        (2.9) 2ijk
Under the conditions of Kleinman symmetry and, in general, for second harmonic 
generation, the tensor dijk is symmetric in its last two indices, implying that the order Ej 
and Ek does not matter or χ = χ . Therefore, we can introduce the contracted matrix d2ijk 2ikj il 
according to the following table 
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jk 11 22 33 23,32 31,13 12,21 
l 1 2 3 4 5 6 
Table 2.1 Indices for contracted matrix dil 
 
The nonlinear susceptibility then takes the following form 














Of all elements of the matrix, only 10 are independent under Kleinman symmetry 
conditions and the matrix becomes 














In order to derive the equations governing nonlinear interactions, we shall consider 
the propagation of electromagnetic waves within an anisotropic nonlinear medium. We 
begin from Maxwell’s wave equation for a non-absorbing, non-conducting dielectric 
medium containing no free charges 








           (2.12) 
where E is the electric field vector of the electromagnetic field and P is the polarization 
vector of the medium. Separating the total polarization into its linear and nonlinear 
components may now develop the formalism further. The first term of the Equation (2.5) 
is the linear component PL whereas terms containing higher order susceptibilities are 
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collectively taken as the nonlinear polarization PNL. Rewriting the wave equation by 
substituting P = PL + PNL, assuming that χ1 is time independent and using the relation  
ε = ε0(1 + χ1) we obtain 




 + µ 2
2
t∂
∂ NLP          (2.13) 
This is the wave equation describing the propagation of electromagnetic fields in nonlinear 
media under our assumptions. Since we are interested in second order nonlinear effects, 
we can ignore higher order terms than χ2 and assume that the electromagnetic waves are 
propagating in the z direction. We thus obtain the wave equation for second order 




∂ E =  µε 2
2
t∂
∂ E  + µ 2
2
t∂
∂ (χ2EE)        (2.14) 
In the case of second order nonlinear processes, we are usually concerned with the 
interaction of three harmonic waves of frequencies ω1, ω2 and ω3, as they propagate 
through the nonlinear medium, where 
ω3 = ω1 + ω2          (2.15) 
In the special case of frequency doubling, we have ω1 = ω2 and ω3 = 2ω1. We simplify our 
analysis by considering a total field E consisting of three infinite uniform plane waves 
ignoring the effects of double refraction and focusing. The total instantaneous field is 
therefore of the form 
),(3),(2),(1),( tztztztz EEEE ++=  








2211 ccezccez tzkitzki +++= −− ωω EE  
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33 ccez tzki ++ −ωE          (2.16) 










∂ −ωµεωω EE  





123 ccezz tzkki +−=− −− ωωωωµχω EE       (2.17) 
where we have assumed that the complex amplitudes Em(z) are all time independent. On 



















∂ −ωω EEEE       (2.18) 







2 EE <<         (2.19) 












∂ −ωω EEE 1       (2.20) 






i ω−−           (2.21) 
throughout, where ∆k = k3 – k2 – k1 is the wave vector mismatch between the three optical 

















µω       (2.22) 
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and similarly for each of the other fields at components ω2 and ω3. These equations are 
commonly referred to as coupled amplitude equations whereby the coupling is through the 
second order susceptibility χ2. Only those interactions for which ∆k = 0 will undergo 
macroscopic amplification as they propagate through the medium. 
 
2.2 Phase Matching 
In general, because of the dispersion in the medium the optical waves at different 
frequencies propagate with different phase velocities, ∆k ≠ 0. Under this condition, the 
interacting fields periodically step out of phase and interfere constructively and 
destructively as they travel through the medium. This causes the fields to exchange energy 
back and forth, with the net result that the intensity of the generated fields undergoes 
oscillations along the propagation direction. Hence, to reduce the effects of oscillatory 
behavior on the growth of the harmonic field, some schemes had to be developed to 
compensate for the phase mismatch.  
The practical technique for satisfying the phase match condition ∆k = 0 was first 
suggested by Giordmaine20 and independently by Maker et al21. They showed that it is 
possible to achieve phase matching by utilizing the birefringence of the anisotropic crystal 
to offset dispersion. In such media, the index of refraction for a wave at a given frequency 
depends on its state of polarization as well as the direction of propagation in the crystal. 
For an arbitrary propagation direction in a birefringent crystal, two orthogonal linear 
polarization states are permitted. In order to determine the orientation and phase velocities 
of the two allowed polarization vectors in a given direction, it is often convenient to use 
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the optical indicatrix, a three-dimensional surface that uniquely describes the optical 
properties of the particular crystal. By an appropriate choice of polarizations, direction of 
propagation, and temperature tuning one may achieve perfect phase-matching that is ∆k = 

























⎛==      (2.23) 
where Pω and P2ω are the powers of fundamental and the second harmonic waves 
respectively, deff the effective nonlinear coefficient, l the interaction length, n3 =  
the refractive index, k the wave vector of the fundamental in the medium and W is the 
width of the crystal and t its thickness. Hence, the second harmonic power oscillate with a 








lc −=∆=        (2.24) 
where  is known as the coherence length and λ is the free-space wavelength of the 
fundamental wave. The coherence length  is a measure of the maximum useful crystal 
length for SHG in the presence of phase mismatch. 
cl
cl
For a laser of frequency ω and wave number κ propagating in, say, the z direction 
the second harmonic power builds up from the fundamental as 0 < z <  and reaches a 
maximum for z =  corresponding to a phase shift of π/2. When z exceeds , the power 
flows back to the fundamental. Quasi-phase matching (QPM) through a sequence of 
nonlinear segments of opposite polarization is one of the solutions to the cancellation 
problem as was mentioned earlier. By changing the sense of the polarization vector, a 
cl
cl cl
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change of phase of π could be achieved resulting in a proper phase relation between the 
field and the time derivative of the polarization so that negative work is always done by 
the field. This implies that, in principle, we can phase match any second harmonic with its 
input wave considering Equation (2.24) within the transparency of the nonlinear medium. 
Though the growth of QPM structures are not as fast as the perfect phase matched ones, 
they are often compensated by the fact that larger deff can be utilized and since this is a 
quadratic term in Equation (2.23) and the increase in second harmonic power could be 
appreciable, for example, for lithium niobate, the overall efficiency is about 20 times 
larger relative to the perfect phase matched. From Equation (2.24), we can see that the 
period that has to be engineered becomes shorter as the wavelength decreases giving rise 
to a fabrication difficulty. One could use a longer inversion period though the conversion 








mmlc −=∆==Λ         (2.25) 
where m is the QPM order. 
 
 Intense light 
propagating along x 
 
FIG 2.1 A 1-dimensional first-order QPM nonlinear photonic crystal with each 
ferroelectric domain having a length equal to lc and period Λ = 2 lc
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For a first-order up-conversion frequency doubling process of λ = 1064 nm, and based on 
the refractive indices of lithium niobate at both pump and output frequencies, n2ω and nω, 
we obtain a value of Λ = 6.5 µm. Since a 50 % duty cycle presents the most efficient 
superlattice for one-dimensional periodically reversed structure, each domain is structured 
to be 3.25 µm wide. To calculate the period for down-conversion to mid-infrared 
wavelength of 4.0 µm, we use the following quasi-phase matching conditions for collinear 
direct three-wave process: 
kp – ks – kMIR - 2π/d1 = 0    (2.26) 
1/λp – 1/λs – 1/λMIR = 0    (2.27) 
where ki are the wave-vectors under interaction, p the pump, s the signal and MIR the 
mid-infrared wave. From Equation (2.27), for λp = 1064 nm, λs = 1.45 µm and λMIR = 4.0 
µm. For maximal energy of the output radiation, let all waves be extraordinary polarized 
along the crystal z-axis and the nonlinear interaction is realized via the highest component 
of quadratic susceptibility . Since lithium niobate is photorefractive in nature, some 
impurities should favorably be introduced so as to increase its damage threshold. 
Magnesium-doped LN results in differences in refractive index as compared to LN, hence, 
the calculation of the domain period must take into account this fact. Measurements of 
refractive index for extraordinary waves were made by Zelmon et al
)2(
zzzχ
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2.3 Multi-dimensional Architectures 
The simplest kind of 1-dimensional nonlinear photonic crystal is a stack of alternative 
anti-parallel polarization slabs along one direction. Once the period of the periodic 
structure is fixed, only one wavelength could be phase matched. Several more complex 
structures such as the fan-out23, Fibonacci24 or even aperiodic25 were proposed where new 
phase matching order(s) are possible for multiple wavelength phase matching or 
tunability. However, all these structures fall in the 1-dimensional regime where the 
pattern, be it periodic, quasi-periodic or aperiodic, is along one direction. Hence, the 
natural question to ask is what happens if the pattern was along multiple spatial 
dimensions? This is also in line with our extension of linear Bragg gratings into photonic 
crystals. 
 The QPM condition is in fact an expression of momentum conservation and takes 
the general form 
k2ω – 2kω – G = 0        (2.28) 
where k is the wave vector and G the reciprocal lattice vector. Phase mismatch is 
compensated in a 1-dimensional QPM structure with a real space lattice period d as a 
multiple of the fundamental spatial frequency. On the other hand, a 2-dimensional QPM 
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square, rectangular or triangular superlattices for frequency doubling 
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Fabrication of Nonlinear Photonic Crystals 
The stage is now set to experimentally realize some aforesaid structures. It has been our 
interest in fabricating artifacts that give frequency conversion of infrared light as these 
processes provide routes towards the generation of coherent light where laser sources were 
unavailable and simple yet direct demonstrations of nonlinear behavior of light from these 
nonlinear photonic crystals. 
The sections that follow begin with a brief review of the material and the electron 
beam lithography system that were used, the Czochralski growth method of bulk Y:LN 
crystals, coupled with the results obtained and discussions pertaining to the domain 
reversal process on electron beam parameters. 
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3.1 Lithium Niobate 
Lithium niobate (LN) is an inorganic material that possesses numerous interesting 
characteristics such as its ferroelectric, piezoelectric, acoustic and optical properties27. 
Ever since the discovery of ferroelectricity in LN by Matthias et al28, numerous works had 
been done to exploit this property for the fabrication of nonlinear photonic crystals. This is 
due in part of its large nonlinear coefficients χ2 and χ3 which contribute substantially to the 
overall conversion efficiency besides its ferroelectricity. LN belongs to the space group 
R3c at room temperature and can be described by a rhombohedral lattice with 3 equivalent 
lattice vectors a1, a2 and a3 or a hexagonal lattice with 3 equivalent lattice vectors aH and a 
polar lattice vector cH in a distorted perovskite structure. The relative motion of both 
lithium and niobium ions along the trigonal symmetry axis to the oxygen sub-lattice 
during the phase transition from the paraelectric to the ferroelectric phase gives rise to the 
spontaneous polarization P. Since this movement can be in either upward or downward 
directions, there exist two polarization states. Any uniform region with one single polarity 
is called a domain and two anti-parallel polarized domains are separated by a domain wall. 
FIG 3.1 shows the crystal structure of LN. 
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FIG 3.1 Crystal Structure of LiNbO3 (a) a succession of the distorted octahedrons along 
the polar c axis (b) an idealized arrangement of the atoms in a unit cell along the c axis 
 
The popularity of LN crystals led to a mature industry where inexpensive, single domain, 
single crystals are available. These LN crystals are grown by the Czochralski technique 
and their qualities are usually analyzed by the Maker fringe method29. 
 
3.2 Electron Beam Lithography 
Lithography had its origin from the Greek word “lithos” for stone and the German word, 
“graphie” hence bears the meaning of craving on precious stones. It is a technique used 
whenever pattern generation on resists is desired. It has many variants including optical, x-
ray, ion, and electron beam lithography. Electron beam lithography (EBL) was developed 
based on several attractive attributes over the optical ones. The smallest features that can 
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be formed by the conventional photolithographic process are ultimately diffraction limited 
by the wavelength of light; electron beams having very much shorter wavelengths are thus 
capable of producing extremely fine features. This has important consequences in the field 
of nanoscience where making structures in the nano-scale is inevitable. Moreover, electron 
beams can be deflected, modulated and controlled with speed and precision by 
electrostatic or magnetic fields. Most significantly, one would be able to perform direct 
writing without the need of a mask for patterning and complete versatility in pattern 
design on a two-dimensional plane. This last characteristic is our main thrust or 
motivation towards employing EBL in our fabrication of nonlinear photonic crystals. Let 
us see why the technique is suitable for our needs. 
To fabricate quadratic nonlinear photonic crystals, we have to reverse the second-
order nonlinear susceptibility periodically or for that matter, in the form of a pattern. This 
can be done through various methods as were mentioned in the last chapter. Amongst 
those fabrication methods, electro-poling of ferroelectrics, particularly lithium niobate and 
lithium tantalate, had been the most prominent. Nevertheless, electro-poling requires a 
laborious multi-step process of resist coating, lithography patterning and subsequent metal 
deposition and resist removal for pattern transfer. Moreover, a mask had to be made for 
each intended pattern. Electron beams, being charged, satisfy our primary requirement of a 
poling field; this field exists across the ferroelectric between the irradiated sample surface 
and the other (grounded) face. It presents an edge over conventional poling in that pattern 
transfer is direct with the added bonuses of versatility in superlattice design and high 
resolution offering the possibility of submicron sized periodic ferroelectric domain 
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features, restricted only by the transparency of the crystal and whether domain reversal is 
required throughout the entire wafer thickness14. 
 
3.2.1 JEOL JBX-5DII system 
The electron beam lithography system used is the JBX-5DII system from JEOL as shown 
in FIG 3.2. 
 
 
FIG 3.2 JEOL JBX-5DII system 
  
It is a step and repeat vector scanning type electron beam lithography system with two 
operation modes: the 4th lens and the 5th lens mode. The 4th lens mode is used for 
submicron electron beam lithography to write fine geometries with pattern writing 
functions for making masks applicable to small volume production. The 5th lens mode is 
used for ultra fine electron beam lithography to produce structures in the nano-scale. The 
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system employs a high brightness electron gun using LaB6 single crystal cathode and an 
in-lens deflector yielding the electron beam spot diameter to be few hundreds of 
angstroms in the 4th lens mode or even less than 100 angstroms in the 5th lens mode. 
Acceleration voltages can be selected from a choice of 25 kV or 50 kV. The stage holds a 
wafer of up to 6-inch diameter with its position precisely controlled in units of 0.005 µm 
by a laser interferometer with a resolution of λ/120. The computer system consists of a 
DEC computer equipped with magnetic transport, disk drive, etc. The electron optics 
system consists of two intermediate lenses (second and third lenses) and one objective lens 






















FIG 3.3 Electron optics system of the JEOL JBX-5DII 
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The fine spots used for the pattern writing must be exactly circular; furthermore, it must be 
the central part of the electron beam emitted from the electron gun. For these reasons, the 
system incorporates a stigmator coil and alignment coil. The stigmator coil corrects the 
oval beam into a round beam. The evacuation system uses two oil rotary vacuum pumps 
(250 l/min each) and one turbo-molecular pump (330 l/sec) for roughing, one sputtering 
ion pump (400 l/sec) for fine evacuation, and one other sputtering ion pump (60 l/sec) for 
gun chamber evacuation. The turbo-molecular pump is mainly used to evacuate the 
workpiece exchange chamber. 
 
3.2.2 Experimental Procedure 
A z-cut single crystal LN measuring 10 mm × 10 mm × 0.5 mm, polished on its –c and +c 
faces was ultrasonically cleaned in ethanol and subsequently rinsed with deionized water. 
It was then placed into a radio frequency sputtering system, pump to ultra-high vacuum 
and a thin layer of gold of approximately 100 nm was deposited on the +c face of the 
crystal. The +c face of the crystal was thus grounded through the layer of gold. The 
resulting gold-coated crystal was placed with its +c face down, corresponding to a 
downward polarization and irradiated with 25 kV electron beams using the JEOL JDX-
5DII lithography system in the nanophotonics laboratory under room temperature with 
different experimental conditions such as beam diameter, current and charge density. FIG 
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3.3 One- and Two- dimensional nonlinear photonic crystals 
Observation under an optical microscope after chemical etching of the irradiated 
workpiece on the +c face revealed domain inversion through the entire wafer thickness 
was accomplished. Domain inversion is apparent from the differential etch rate of the 
positive and negative ends of the polarization. The positive ends are more resistant to the 
ion responsible for etching, H+, as the probability of the hydrogen ions reaching the 
positive ends of the polarizations is smaller than the negative ones. Optical micrographs of 
the –c face (as shown in FIG 3.5), the surface irradiated by electron beams, show that the 
shape is in accordance to what we desired. The vast difference in the uniformity of the 
scanned rectangles as compared to lines can be attributed to the larger number of electrons 
impinging on the surface and the hexagonal lattice structure of lithium niobate.  
    20µm 20µm 
   (a)        (b) 
FIG 3.5 Optical micrographs of –c face showing (a) lines and (b) rectangles both 
with a period of 6.5 µm 
 
The following optical micrographs of +c faces as shown in FIG 3.6 were obtained 
under the same beam diameter, current and pattern but with increasing charge densities as 
seen on the +c face. Lines were scanned on the –c face. Domain inversion does not follow 
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a continuous line, it becomes segmented instead.  These segments may be due crystal 
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FIG 3.6 A set of optical micrographs of +c faces corresponding to different regions of the 
crystal under the same conditions, i.e. beam diameter of 100 nm, beam current of 1 nA and 
pattern (lines) but with increasing charge densities of 70, 90, 110 and 130 nC/cm from top 
to bottom 
 
A prominent feature of the domain structure is that regardless of the charge 
densities deposited on the –c face, the domain is inverted in hexagonal bits. Some are 
elongated hexagons while some are regular (see also FIG 3.14). The elongated hexagons 
are due to merging of adjacent propagating domains. The elongation is parallel to our 
scanning direction. Hexagonal shapes are not totally obscure as the crystal has a hexagonal 
unit cell. When the charge density is not large, domain inversion is totally random; 
occurring only in regions of crystal imperfections or weak points as these assists the 
nucleation process, because it is energetically unfavorable for domains to nucleate in the 
volume of a homogeneous crystal. This is illustrated in FIG 3.7 as shown below. 
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FIG 3.7 Domain inverted regions when charge density is small 
 
As there is a limit to the angle of deflection of the electron beam, the total scanning 
area is divided into many regions, termed as subfield, corresponding to an area limit. The 
transition between two subfields is apparent on careful observation of the micrographs as 
illustrated in FIG 3.8. The size of the domain-inverted region at the point of transition 
between two subfields is larger and more prominent than the rest as a result of a 
momentary pause while transiting between two subfields and hence the charge deposition 
time has important consequence on the inverted domains. 
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FIG 3.8 Transition between two subfields is observable from the ordered reversed 
domains in the upper end of the micrograph 
 
 It can be seen that in order to obtain a domain inverted grating, the optimization of 
the line charge density or the area charge density is important. A high charge density 
results in a larger electric field, which will induce the inversion more easily and vice versa. 
Excessive charge density results in surface cracks while insufficient charge densities did 
not induce the domain inversion. Charge densities between 170 nC/cm and 210 nC/cm 
gave relatively better domain inverted patterns as shown in FIG 3.9. 
 
10µm
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FIG 3.9 A set of optical micrographs showing relatively better (more continuous) inverted 
domains in the region of charge densities of 170, 190 and 210 nC/cm from top to bottom    
   
The charge density is related to the beam current as the relation below shows. 
T
X
iQ =         (3.1) 
where Q is the charge density, i the beam current, X the writing area or length and T the 
writing time. A larger beam current results in a shorter time of deposition of the charges. 
Thus the beam current should affect domain inversion, as there is a threshold time of 50 
ms within which flip back, that is the polarization direction returns back to its initial, 
occurs, beyond which the newly formed domain stabilizes30. FIG 3.10 shows extensive 
domain merging under a higher charge density than necessary. Domain merging becomes 
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appreciable as long as the charge density is more than 210nC/cm whereas surface cracks 
are predominant with a larger charge density of 650nC/cm. 
 
10µm 
FIG 3.10 Extensive domain merging when charge densities are higher than necessary 
  
The electrons do not penetrate through the crystal, they are stopped within the first 
few microns, approximately 3 µm from the surface. This can be seen from a simulation of 
electrons impinging on lithium niobate using a Monte Carlo simulation, for example, the 
CASINO program31 as shown in FIG 3.11. This would imply that the domain inversion 
process does not involve electron movement. The electrons are scattered into a nearly 
spherical volume with a diameter of 2 µm. This also explains why a 50 nm line scan on 
the –c face results in approximately 2 µm inverted hexagons on the +c face.  
Nonlinear Photonic Crystals for Frequency Conversion of Infrared Light 34 
   
Chapter 3 Fabrication of Nonlinear Photonic 
                  Crystals   
 
 
FIG 3.11 CASINO simulation results using 1 million 25 kV electrons with a beam 
diameter of 50 nm 
 
The mechanism of domain inversion is not entirely understood. However, a 
probable mechanism may be as follows. As electrons impinged on the –c face of the 
crystal, they penetrate only a few micrometers into the crystal forming a region of 
negative charge, inducing an electric field in the upward direction, as the –c face is now 
negative with respect to the grounded +c face. In the event that the electric field thus 
formed is larger than the coercive field of the crystal, nucleation occurs and the domain 
wall within which a polarization opposite to the initial moves in the downward direction. 
As the domain wall moves, that is, as more domain reversals occur, local electric fields 
and polarizations vary and the coercive fields experienced may not be the same as in the 
beginning. The driving force for domain reversal is the natural desire for a system to be in 
a state of lowest energy. The formation of an image charge results in a predominant 
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central downward force. As the electric field in the region near the –c surface is higher 
than that of the lower surface, we would expect the velocity of domain wall reversal to be 
high at the beginning and decreases thereafter. The propagation of the domain wall is 
undoubtedly affected by crystal imperfections, such as vacancies, impurities or 
dislocations. Based on this understanding, the electron beam technique provided a 
structure with a domain boundary perpendicular to the crystal surface, and the inverted 
regions continued over the entire crystal thickness. Such a domain structure allows a larger 
cross-sectional overlap with the laser profiles, and therefore higher efficiencies of 
waveguide SHG devices are expected. 
On comparison with data from the literature, we have obtained deeper and more 
continuous inverted domains which would be advantageous to frequency conversion 
applications as the cross section with which the laser propagates is larger. FIG 3.12 shows 
a scanning electron micrograph of inverted domains that is segmented, unlike ours where 
they are continuous, under similar conditions of 20kV and 0.3nA. 
 
FIG 3.12 Inverted domains reported32
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Moreover, we have also obtained a consistent grating period throughout whereas others do 
not necessarily observe a consistency of the grating period as illustrated in FIG 3.13. 
 
FIG 3.13 Inverted domains showing inconsistency in grating period33
 
Similar trends were observed in the two-dimensional structures. However, a few 
points are noteworthy. The irradiated surface was more badly deformed as compared to 
the one-dimensional structures due to a few orders of magnitude increase in the number of 
25 keV electrons impinging on the wafer. Current which plays an extremely important role 
in fabricating one-dimensional structures does not have much impact on the 2-dimensional 
ones: under a fixed charge density with varying current, no observable differences can be 
found. This could be attributed to the fact that the size of shapes in our 2-dimensional 
superlattices that were scanned was too small to observe the manifestation of the effect of 
current on domain inversion. We thus infer that the electron beam technique is more 
suitable for two-dimensional superlattices. Electron beam irradiation in the form of circles 
on the –c face resulted in randomly orientated inverted domains as seen on the +c face (as 
shown in FIG 3.14) while hexagons on the –c face resulted in uniformly oriented ones (as 
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shown in FIG 3.15). Nevertheless, we still obtained hexagonal inverted domains 
regardless of the shapes. Our results are in agreement to that in a recently published 
article34.  
This would imply that our repeating pattern is closely related to the symmetry of 
the ferroelectric crystal; we can only have inverted domains in the shape of the unit cell. 
 20µm
 
FIG 3.14 Randomly orientated hexagons when irradiated pattern on -c face is circle 
 
It was found that uniform array of hexagons was achieved for a charge density between 
400 µC/cm2 to 550 µC/cm2. By assuming the electron impinged area as a circular charged 
disc, through simple electrostatics, the electric field across the 500 µm thick wafer is about 
21 kV/mm which is in the range of the coercive field of lithium niobate of 20.6 kV/mm. 
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FIG 3.15 Most uniform array of domains 
 
Hence, we simplify the arduous task of optimization to within the range of charge 
densities that induces an electric field that is in the range of the coercive field. This would 
mean that for any ferroelectric with known hysteresis, we can retro-calculate the required 
charge density saving precious laboratory time and efforts on optimizing conditions for 
their fabrication. 
 
3.4 Crystal growth of Yttrium-doped Lithium Niobate (Y:LN) 
Though electron beam fabrication of nonlinear superlattices presents a straight forward 
and reliable technique for domain reversal, it is nonetheless restricted to a fairly thin 
sample of about 1 mm in thickness. Therefore, in an optical set-up for example, an optical 
parametric oscillation (OPO) process, one has to focus the pump beam into a smaller 
region resulting in an increased in optical density which may exceed the optical damage 
threshold of the crystal. On the other hand, as-grown periodic domains of Y:LN provides a 
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way to eliminate this problem. The crystal is grown from the melt by the Czochralski 
technique. The melt is rotated and simultaneously pulled. The periodically temperature 
oscillations at the crystal-melt interface give rise to a modulation of the instantaneous 
growth rate, and the dependence of the effective impurity distribution on the growth rate 
governs the impurity concentration modulation along the growth direction. It is these 
rotation bands that account for the formation of periodic anti-parallel ferroelectric domains 
with a period determined by the pulling-to-rotation ratio35.  
 Our crystals were grown by our Russian collaborators in the Moscow State 
University for the down conversion of 1064 nm to mid-infrared wavelength of 4 µm. The 
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Characterization of Nonlinear Photonic Crystals 
Materials characterization is an essential and important part for the advancement of 
materials research. In our work, we are particularly interested in surface features as a 
result of chemical etching, domain shapes and sizes, electrostatic mapping of the 
superlattices, domain inversion mechanism and conversion efficiency of our nonlinear 
photonic crystals. Brief overviews of the principles of each technique used are presented 
followed by experimental procedures and results and discussions. 
 
4.1 Scanning Probe Microscopy 
Scanning probe microscopy is the generic name given to a class of imaging techniques 
whereby a sharp tip is scanned over a sample surface and its features for example 
topography, frictional, electrical and magnetic properties are monitored as a result of tip-
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sample interaction36. The first scanning probe microscope is the scanning tunneling 
microscope whereby the sensitive changes in the tunneling current between the tip and the 
conductive sample surface is recorded in vacuum. The sensitivity is the result of the 
exponential relation between the tip-sample distance and the tunneling current; small 
changes in the tip-sample distance results in large changes in tunneling current. However, 
the samples had to be conductive and measurements taken in a vacuum environment. The 
invention of the atomic force microscope eliminates the cumbersome requirements of 
conductive samples and vacuum environment. Instead of monitoring the tunneling current, 
the forces experienced by the interaction of atoms on the tip and the surface of the sample 
are examined. This interaction could be of mechanical, electrical or magnetic in origin 
hence it is not surprising that force microscopy found diverse applications in a large 
number of disciplines, traversing physics, chemistry, biology and engineering. It is known 
as an atomic force microscope because of its ability to detect minute changes in force 
comparable to the van der Waals forces between atoms which are in the range of nano- or 
pico-Newton. Moreover, its unprecedented high spatial resolution has made it to be the 
microscope of the third generation, with optical and electron microscopes being the first 




Diode laser and 
lens  Position sensitive 
photodetector  
 Sample 
FIG 4.1 Position detection mechanism of AFM using a laser beam 
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The basic operational principle is to detect the cantilever deflection when it is scanned 
across a sample surface. FIG 4.1 shows the common method of observing such deflections 
by changes in the position of a laser beam reflected from the back of a cantilever. Light 
from a diode laser passes through a lens and focused on the back of the edge of the 
cantilever where the tip is. The laser light is then reflected from the back of the cantilever 
to alignment mirrors and into a position sensitive photodetector. When the cantilever 
bends towards the sample surface, due to an attractive force between the tip and the 
sample surface, the position of laser beam moves downward as seen on the photodetector, 
and by recording the upward and downward movements of the laser beam on the 
photodetector, we can obtain a topographical map of the surface. Several modes are 
possible depending on sample conditions and desirable imaging requirements. These 
include contact, non-contact, intermittent contact (tapping) and lift modes. FIG 4.2 
illustrates the region of the force-distance curve that is utilized in the modes. 
 













FIG 4.2 Force-distance curve 
 
Nonlinear Photonic Crystals for Frequency Conversion of Infrared Light 43 
   
Chapter 4 Characterization of Nonlinear Photonic 
                  Crystals   
 
Lift mode is a dual pass technique whereby topographical information is obtained in the 
first pass and the cantilever is lifted to a predetermined height where longer range forces 
such as electric and magnetic forces are obtained. This mode is created to decouple the 




The surface topography of the nonlinear photonic crystals after chemical etching was 
examined using Atomic Force Microscopy (AFM) in the tapping mode and its electrical 
distribution using the scanning probe variant, Electric Force Microscopy (EFM) in lift 
mode with no further sample preparation at all. A layer of about 300nm of polymer, 
ZEP520 was coated on the chemically etched two-dimensional nonlinear photonic crystals 
and electric phase images were obtained. 
 
4.1.2 Results and discussions 
The atomic force micrographs show differential etching rate of the dissimilar domains as 
our optical images have shown. The domain-reversed sites show hexagonal dips on the +c 
face. FIG 4.3 shows an AFM image of one of the +c faces of a one-dimensional nonlinear 
photonic crystal. 
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FIG 4.3 AFM image of one of the +c faces of a one-dimensional nonlinear photonic 
crystal with 30 nC/cm charge density, 500 pA current, and 70 nm beam diameter 
 
AFM image shows that the depth of the pits due to chemical etching on the +c face to be 
about 800nm (as shown in FIG 4.4) for the one-dimensional nonlinear photonic crystals 
and about 140nm for the two-dimensional nonlinear photonic crystals as a result of 
different etching conditions; the former took a slightly longer time. Regions with no 
domain inversion are relatively smooth with no great differences in heights. 
 
 
FIG 4.4 Depth profile of domain reversed region on +c face 
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We can observe that the domain width is about 2 µm under the acceleration voltage of 
25kV regardless of current or which domain-reversed region, corresponding to different 
patterns, as illustrated in FIG 4.5 below, which has been attributed to the electron 
scattering in LN.  
   
FIG 4.5 Micrographs showing similarity in width of reversed domains of two different 
regions 
 
To disregard the topographical effects on electrostatic distribution, a tip bias varying from 
-12 to 12 V in steps of 3 V was applied to the tip and the images compared as a function of 
tip voltage. It was found that changes in phase differences depend only on the magnitude 
and not the sign of the tip voltage as a consequence of the square dependence of the 
electrostatic force on the voltage37. We can also observe that the contrast between the two 
differently polarized domains decreases along with increasing magnitude of the tip voltage 
and null at 12 V as shown in FIG 4.6. 
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FIG 4.6 Electric phase image of the sample with varying tip voltages from 0 V to 12 V, as 
labeled, under continuous capture 
 
This trend was attributed to the fact that the effect of phase shifts on the tip by electrostatic 
polarized domains diminishes as tip voltages increases. In retrospect, we can also say that 
the Coulombic interactions were neutralized with increasing tip voltage. Phase images of 
buried structures were obtained in a similar approach as described above with a 20 × 20 
µm scan and shown in FIG 4.7. It was hence proven that EPI is a reliable technique to 
image buried ferroelectric features. It was found that the contrast differs as the tip voltage 
was varied from -12 V to 12 V. 
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FIG 4.7 Electric phase images of buried ferroelectric structures under a resist with a tip 
voltage of a) -12 V, b) 5 V and c) 12 V 
 
This is a novel way of characterizing ferroelectric samples and provides a promising route 
to imaging unetched samples which has not been done before as this technique depends on 
the intrinsic property of electric fields in polymer rather than the stray fields which is not 
necessarily a steady behavior. This is an interesting phenomenon in that the presence of a 
polymeric layer actually gives a sign dependence of the imaged domains to the tip voltage 
and that this dependence, in our case, is only applicable to the domains with their negative 
ends of polarization imaged. One likely explanation to this behavior is as follows as 
illustrated in FIG 4.8. The presence of a ferroelectric field causes the permanent dipoles of 
the uncharged polymer to align themselves in the direction of the field. The application of 
external electric fields from the tip results in the reorientation of the dipoles in the 
direction of the applied field when the field is larger than that due to the ferroelectric. This 
reorientation is only possible in the hexagonal regions where the electric field is relatively 
weaker as these regions are actually pits in the topographical image i.e. there is a thicker 
polymeric layer and since electric field decreases with the square of distance, the electric 
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field aligning the dipoles is relatively smaller. The remaining regions would experience a 
larger electric field from the ferroelectric due to a thinner polymeric layer. Hence, more 
work has to be done to reorient the aligned dipoles in these regions implying a larger tip 
voltage is needed to induce the flip.  
 
PPLN 
Electric field from 
tip 




FIG 4.8 Alignment of dipole moments of polymer with the electric field from the tip 
 
These inelastic dissipations cause phase contrasts as shown in a recent paper38. Therefore, 
one should be able to obtain an EPI showing the electric field distributions with the 
intuitively correct contrast inversion along with the polarity of the tip voltage through the 
coating of a thick layer of polymer. This would imply that through this polymeric layer, 
EPI is indeed a nondestructive technique; without the need for mechanochemical polishing 
to produce an extremely flat surface for EPI so as to disregard topographical interferences 
on electrostatic distribution. 
 
4.2 Spontaneous Parametric Down Conversion Imaging 
The study of domain uniformity and periodicity were done on the surfaces of the crystals 
by optical microscopy and scanning probe microscopy. Even though we know from the 
surface images that the domains are fairly regular, we have no idea how the domains are 
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within the crystal which, in fact, is most important for the frequency conversion process. 
Therefore, it is necessary for us to develop a technique of examining our crystals to know 
which region of the crystal can more efficiently convert the pump laser to other 
wavelengths. It is with this motivation that brought us to think of utilizing spontaneous 
parametric down conversion as the nonlinear response from the bulk of the crystal as a 
statistical average of all good and bad contributions to the efficiency of the frequency 
conversion process. 
 Spontaneous parametric down conversion (SPDC) is the scattering or decay of 
pump photons of frequency ω0 as a result of quantum field fluctuations in a medium with 
non-zero second order nonlinear susceptibility χ(2) and was first predicted in 1966 by 




cw pump laser 
propagating along x signal wave  
FIG 4.9 Spontaneous parametric down conversion 
 
4.2.1 Experimental 
A Y:LN crystal was placed on a two-dimensional motorized stage in an optical 
configuration for obtaining the SPDC spectrum. The incident pump power and wavelength 
was 1 W and 488 nm respectively. The laser spot size was 50 µm. A spectrum was taken 
at 100 µm intervals in a raster scan and eventually the entire crystal was mapped. The 
accumulation time for each spectrum was 60 s. The intensity of a particular peak, which 
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correspond to a specific frequency conversion process, was noted for each spectrum and a 
three-dimensional map of intensity along x and y directions, with respect to the optical 
axis, was obtained. FIG 4.10 shows the optical set-up for the mapping. 









Stage Nonlinear response 
Mirror 
 
FIG 4.10 Optical set-up for 2-dimensional SPDC mapping 
 
4.2.2 Results and discussions 
A typical spectrum that was obtained is illustrated below in FIG 4.11. This spectrum 
shows 9 peaks corresponding to 9 different periods which implies non-uniformity in the 
grown crystal. This is a major drawback of as-grown nonlinear superlattices. The periods 
are calculated as in Chapter 2. We can then select a wavelength peak which correspond to 
a period of interest and note the intensity on all the spectra so as to generate a map of 
intensity distribution with respect to the spatial position of the crystal as shown in FIG 
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4.12. The map thus obtained gives us a guide as to which regions are more efficient for a 
particular frequency conversion process thereby optimizing the conversion efficiency. 
FIG 4.11 A typical spectrum for on









Nonlinear Photonic Crystals for Fre















ed L31.7erlattice (the labeling 
 µm) 
ight 52 
Chapter 4 Characterization of Nonlinear Photonic 
                  Crystals   
 
 
FIG 4.12 Map of SPDC signal of 608 nm which corresponds to a period of 29.3 µm (red: 
higher intensity, blue lowest) 
 
4.3 Raman Spectroscopy 
Domains form in numerous materials such as ferromagnetics, antiferromagnetics, 
ferroelectrics, antiferroelectrics and so on. Within each of the domains, there exist 
polarizations of the same direction (ferroelectrics) or magnetizations of the same 
orientation (ferromagnetics). Direction of polarization or magnetization could be altered 
by the application of an electric field or a magnetic field respectively. Two domain 
reversal mechanisms are predominant: displacive or rotational as shown in FIG 4.13. The 
displacive mechanism relies on the movement of dipoles parallel to the applied field 
whereas the latter relies on the gradual rotation of dipoles to the direction of the field. By 
probing into the domain walls, the transition region from one direction of electric 
polarization to the other or the boundaries between two adjacent domains, we can learn 
about the route domain reversal of electric polarizations in lithium niobate underwent. 
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Since different orientations of electric polarizations will result in changes in the 
appearance of Raman peaks, Raman spectroscopy could be used to scan over domain 
walls. Raman spectra of an unprocessed lithium niobate, that is, with a single domain, 
undergoing rotations corresponding to different orientations of electric polarization served 













FIG 4.13 Magnetic or electric polar vector (a) rotates in the wall thickness or (b) shrinks in 
the wall thickness 
 
4.3.1 Experimental 
A virgin crystal of lithium Niobate placed on a goniometer was rotated from 0 ° to 180° 
orthogonal with respect to the optical axis and their Raman spectra were obtained. The 
one-dimensional nonlinear photonic crystal was also characterized using backscattering 
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Raman spectroscopy in scanning steps of 12nm in a line of 7µm. The geometry of scan is 







FIG 4.14 Scanning geometry for Raman Spectroscopy 
 
4.3.2 Results and discussions 
Raman spectra obtained from virgin crystals as shown in FIG 4.15 showed changes in 
peak position and intensity. This is particularly evident from the Raman spectrum of the 
crystal at right angle with strong peaks entirely different from the rest of the spectra. We 
can observe that the general trend is that the intensity of the peaks decreases from 0° to 
90° and increases from 90° to 180° as a result of the symmetry of the rotation and that the 
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FIG 4.15 Raman spectra of rotated polarization of a virgin crystal 
 
Raman spectra of the one-dimensional nonlinear photonic crystal as shown in FIG 4.16 
show no global structural changes as they yield identical spectra. It could be due to the 
extremely small contribution from the domain wall to the total contribution of the rest of 
the region under a laser spot size of about 1 µm. As a result, its effects are masked when 
the region of non-inverted domains to inverted ones traversing the domain wall of very 
small thickness are scanned. On the other hand, it may also suggest that domain rotation is 
not likely to be the 
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FIG 4.16 Raman spectra of one-dimensional nonlinear photonic crystal 
 
candidate for the mechanism of domain reversals in lithium niobate by comparing the 
above Raman spectra to that obtained under a series of rotation of the LN crystal 
corresponding to different orientation of polarization. The Raman spectra obtained from 
scanning over domain walls do not show any of the rotated spectra. However, because of 
the identical spectra, we have directly proven that the inverted domains are indeed anti-
parallel to the non-inverted ones. 
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4.4 Conversion Efficiency of the Nonlinear Photonic Crystals 
The principle involved in this part of characterization is extremely straight forward. A 
high power pump laser with a wavelength of 1064 nm irradiates the nonlinear photonic 
crystal whereby 532 nm light is generated as a result of second harmonic generation. The 
amount of light thus generated is then normalized to the input thereby obtaining the 
conversion efficiency of the nonlinear photonic crystals. 
 
4.4.1 Experimental 
10 ns pulses of an Nd:YAG laser of 1064 nm with 280 µJ energy per pulse was used to 
irradiate the two-dimensional square lattice nonlinear photonic crystal on a 5 axes, 
temperature controllable stage. Through a series of lenses and filters, the output of 532 nm 
was detected by a sensitive photodetector placed behind a 1064 nm filter. The optical 









F1 F2 D Half-wave Crystal on L 
5-axes stage plate
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4.4.2 Results and discussions 
It was found that the normalized conversion efficiency is about 1.6 % under optimized 
directions, angles and temperature. This could be attributed to the fact that the inverted 
domains (the individual repeating pattern) by electron beam lithography are irregular 
which would greatly affect the intended periodicity of our superlattices. Since the 
periodicity of the superlattice bears an intimate relationship with the wavelength of 
generated light, it is not surprising that irregular repeating patterns result in low 
conversion efficiency. Moreover, based on our understanding of domain propagation 
through the crystal the inverted domains are conical in shape. Hence, the laser beam 
experiences varying periodicities along its propagation which result in adverse 
contribution to the conversion of 1064 nm infrared light to 532 nm green light. 
 On comparison of domain inversion by electro-poling, whereby a pulse of voltage 
is applied to optically lithographed electrodes, which results in regular non-segmented 
inverted domains (for the one-dimensional case) or hexagonal inverted domains (for the 
two-dimensional case), we can observe that the critical difference lies in a concerted 
domain inversion when the pulse of voltage is applied. Nevertheless, the intrinsic nature of 
the direct writing process does not allow concerted domain inversion as electrons are not 
deposited all at once.   
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In conclusions, we have successfully obtained one- and two-dimensional nonlinear 
photonic crystals by electron beam irradiation on lithium niobate single crystals which 
results in the reversal of its ferroelectric domains through the whole thickness of the 
crystal. Domain reversals become more prominent as charge density increases. The 
optimal range of line charge density lies within 170 nC/cm and 250 nC/cm and area 
charge density within 450 µC/cm2 to 550 µC/cm2. It was found that these charge densities 
correspond to the coercive field of lithium niobate. Continuous electron beam scanning on 
the upper surface of the crystal yields hexagonal segments on the bottom surface that 
elongate in the direction of irradiation and merge as charge density increases.  
Atomic force micrographs revealed an approximate width of the hexagonal 
segments regardless of the pattern on the upper, irradiated surface as a result of the 
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spreading of electrons on initial impingement. Hence, this place a limit on the domain 
inverted size by direct writing alone. Furthermore, examinations of the domain-reversed 
gratings using electric force microscopy show a direct correspondence of the position of 
the hexagonal segments to those in the atomic force microscopy images. Phase imaging of 
the nonlinear photonic crystal buried under a thin layer of polymer provides a novel way 
of imaging patterned ferroelectrics in humid environment as the images show phase 
contrast changes in accordance to magnitude and polarity changes of the tip which is in 
accordance to our intuitive understanding of bias tip and ferroelectric sample interaction. 
Spontaneous parametric down conversion imaging shows the non-uniformity in 
periodicity of Czochralski grown Y:LN nonlinear photonic crystals. From this imaging, 
we can pin-point which region of the crystal is more effective in frequency down 
conversion of 1064 nm to a particular wavelength of mid-IR light.   
Raman spectroscopy through a superlattice period show that the domain inverted 
region is largely anti-parallel to the uninverted ones based on the comparison with the 
spectra obtained with a rotated single domain crystal of lithium niobate. This is in favor of 
the displacive mechanism for domain inversion in ferroelectrics. 
Conversion efficiency studies for second harmonic generation of 1064 nm 
wavelength of light yield a percentage of about 1.6 %. The apparently low conversion is 
attributed to the intrinsic tapered domain propagation using the electron beam technique 
which affects the uniformity of periodicity which in turn affects the conversion efficiency 
as phase mismatch is no longer small.    
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